It is important to develop a method for the accurate measurement of controlled force exertion (CFE).
Introduction
Precise controlled exertion of force (CFE) is essential to perform daily living activities smoothly. Accurate and efficient movements depend on the precise control of the small muscle groups of the hand and fingers, and both the magnitude and the style of force output are largely affected by neuromuscular function [1] . The dynamic properties of force control are influenced by a wide range of factors, including physical maturation [1, 2] , aging of neuromuscular pathways [3] , and the magnitude of exerted force to demand value [4] . In particular, the voluntary coordinated force exertion ability, i.e., the CFE, plays a key role in achieving skillful and efficient movements requiring feedback information, manual dexterity, and hand-eye coordination [5] .
The CFE test evaluates motor control function that involves exertion of muscular force while coordinating a changing demand value [6] . Motor control function is considered to be excellent when muscle contraction and relaxation are both smooth and accurate in accordance with the demand value, i.e., movement with small errors between the demand value and the exerted value [7] . The CFE test can rationally and objectively evaluate grading, spacing (space perception), and timing, which are important elements of CFE [6] .
The test requires submaximal grip control, and hand-eye coordination is assessed in test performance; therefore, it is also useful in evaluating neuromuscular function in elderly persons with impaired physical functions [8] . The CFE test typically uses visual tracking paradigms that display varying demand and exerted values as a sinusoidal waveform or as a bar chart [3, 6, 9] .
Kubota and Demura [10] confirmed that the degree of measured value (error between demand and exerted values) differs in the ascending and the decreasing phases in the CFE test. As the degree of exerted grip strength and exerted style (contraction and relaxation of muscle) differ [11] , the effect on both phases differs; hence, the CFE values in both phases are also considered to differ. Every individual's maximum voluntary contraction (MVC) differs; therefore, the relative value to MVC (5%-25% of MVC) [6] is used in the CFE test. For instance, when the subject's MVC is 784 N (80 kg), he exerts a grip strength of 39.2 N-196 N (4 kg--8 kg), whereas when his MVC is 392 N (40 kg), he exerts a grip strength of 19.6 N-98 N (2 kg-10 kg). Therefore, the difference of MVC may affect the measured CFE value. However, little attention has been paid to this problem until now.
As stated, because the CFE test uses a submaximal exertion of grip strength, it is a useful test for people of all ages, including children and elderly, and can be used in the rehabilitation of the elderly. However, MVC differs substantially with respect to age [12] and sex [13] . The CFE test uses a sum of errors between the exerted value and demand value as a measured value in repeated ascending and decreasing phases; hence, an individual's measured value is not affected significantly if an error in both phases differs. However, if the MVC affects a measured value, even when the relative value is used, it will affect an individual's CFE evaluation.
Thus, it is necessary to clarify the effect of MVC on the measured value. It is hypothesized that, if MVC affects a measured value, as the degree of demand value in the low demand value (5%-15% of MVC) and high demand value (15%-25% of MVC) phases differs, both its effect and the relationship of MVC and the measured value differ in both phases.
Using young males with different MVCs, this study examined the difference of measured values in the low demand value and high demand value phases in the CFE test and the relationship between the measured value and the grip strength in both phases.
Methods

Subjects
Subjects were 54 young male university students (age, 19-23 years; mean age, 20.5 years; SD = 1.2 years; mean height, 173.4 cm; SD = 5.2 cm; mean weight, 67.1 kg; SD = 7.2 kg). All the subjects, except two, were judged to be right-handed based on the inventory by Demura et al. [14] . The mean values of height and body mass were similar to the Japanese normative values at the same age level [15] . No subject reported either previous wrist injuries or upper limb nerve damage, and all were in good health. Before measurements were performed, both the purpose and procedure of the study were explained in detail, and signed informed consent was obtained from all subjects. The Ethics Committee on Human Experimentation of Kyoto Pharmaceutical University approved this experimental protocol. No subject had undergone a CFE test previously.
Apparatus of CFE Measurement
The size of the grip of the CFE measurement apparatus was set for effective squeezing. Grip strength and CFE tests were measured using a Smedley's handgrip mechanical dynamometer (GRIP-D5101; Takei, Tokyo, Japan), with an accuracy of ±2% in the range of 0-979.7 N (output range of 1--3V). The grip strength value was transmitted to a computer at a sampling rate of 10 Hz through an RS-232C data output cable (Elecom, Tokyo, Japan) following A/D conversion with a quantization bit rate of 12 bits (input range of 1-5V). The CFE apparatus has been described in detail previously by Nagasawa & Demura [6] .
Measurement of Maximal Grip Strength
Grip strength of the dominant hand was measured twice, with a 1 min rest interval, in a standing position. All subjects were instructed to exert their greatest possible grip strength with their dominant arm hanging naturally at their side and without touching the grip dynamometer to their body or shaking it. The subjects were given no verbal encouragement. The greater value obtained in the two trials was used as the maximum grip strength value [6, 8] .
Measurement of CFE
The CFE test was similar to the commonly used grip strength test described above [16, 17] , except for the involvement of the prolonged submaximal grip exertion (5%-25%). The grip size during the CFE test was set for effective squeezing, but most subjects used the same grip size during the maximal grip hold exertion test.
In this study, a sinusoidal waveform method was used to correctly measure the sum of the differences between the demand value and the grip exertion value (measured value) in the low demand value phase (5%-15% MVC) and the high demand value phase (15%-25% MVC). The demand and grip strength exertion values were presented on the display screen simultaneously. Degree of the grip exertion value and demand value were displayed as sinusoidal waveforms. The demand value varied over a period of 40 s, with a frequency of 0.1 Hz [18, 19] . Subjects stood 70 cm from the display and wore glasses when required. They tracked the demand value moving from left to right with the waveform change displayed on the computer. The grip strength exertion value also moved from left to right with the waveform change (see Figure 1) . As the grip strengths of individuals differ, the relative demand value to maximum grip strength was used [18, 20] . That is, a software program was designed to display the same demand value, within a constant range, for all subjects on a personal computer. The CFE test was performed using three trials, with one-minute rest intervals, after one practice trial that confirmed whether subjects could perform the CFE test. The duration of each trial was 40 s, and, based on the study of Nagasawa et al. [8] and Nagasawa and Demura [21] , the CFE measured values were estimated using the data from the three trials, excluding the first 10 s of each trial. The sum of the percentages of the differences between the demand values and the grip strength values over 30-s in both low (5%-15% MVC) and high (15%-25% MVC) phases was used as an estimate of the CFE measured values [6] , with smaller differences indicating better performance. A mean of the results of the second and third trials was used for analysis [20, 21] .
Statistical Analysis
Data were analyzed using SPSS version 21.0 for Windows software (SPSS Inc., Tokyo, Japan). Using ordinary statistical methods, data were reported as means (M) ±SD. Participants were divided into three groups based on grip strength and normative values of the same age (455.7 ± 67.6N): low (13 participants; mean age, 19.9 years, SD = 0.8 years), medium (33 participants; mean age, 20.6 years, SD = 1.3 years), and high (8 participants; mean age, 21.6 years, SD = 0.7 years). One-way analysis of variance was used to examine significant differences in the three groups between CFE mean scores and differing maximal grip strength. When a significant main effect was identified, a multiple comparison test was conducted using Tukey's honestly significant difference method for pairwise comparisons. Correlation analyses were used to identify the relationships between CFE and maximum grip strength. For all tests, a p-value < 0.05 was considered to be significant. Figure 2 shows the means and the standard deviations for the measured CFE values in both low demand value (5%-15% MVC) and high demand value (15%-25% MVC) phases of the three groups with different grip strengths. Table 2 shows the results of one-way analysis of variance and the measured CFE values in the three groups. Significant differences for the measured CFE values in the three groups were found only in the low demand value phase; the values for the high grip strength group were lower than those of the low and medium grip strength groups. Significant correlations were found between CFE measured value and grip strength in low (r = −0.24; p = 0.08) and in high (r= −0.32, p = 0.02) demand value phases, but both correlations showed a low value (determination coefficient: below 10.2%). 
Results
Discussion
The functional role related to movement performance may differ for each body part that controls individual movements. The basal ganglia, particularly the striatonigral system, and cerebellum are generally considered to be associated with skilled motor movements. The CFE test uses visual tracking with a sinusoidal waveform display providing visual feedback regarding grip exertion errors and feed-forward strategies, such as anticipatory motion [1] . The performance of this test necessitates excellent hand-eye coordination (grip force) that responds to feedback, such as force exertion sense and visual target matching. Therefore, the abovementioned visual information processing and motor control functions are considered to largely reflect measured CFE values.
In this study, we hypothesized that the effect of MVC on the measured CFE value differs in the low demand value (5%-15% of MVC) and high demand value (15%-25% of MVC) phases in the CFE test; therefore, we examined the difference of CFE measured values in three groups with different MVCs (mean grip strength, 457.1 N), in addition to the relationship between MVC and the measured value in both phases.
In this study, the measured value showed a significant difference only in the low demand value phase, and the value in the group with the largest grip strength was smaller than the values seen in the other two groups. However, the effect size (η 2 ) was low (η 2 = 0.12) and no significant difference was found between the low grip strength (mean grip strength 363.9 N) and the medium grip strength (mean grip strength 468.2 N) groups.
Previous reports [10, 22, 23] have shown that the control of a subject's force output differs in the ascending and decreasing phases. The amplitude of motor-evoked potentials, which change in response to force, also reportedly differs between the two phases [24] . In the ascending and decreasing demand value phases, exerted style (contraction and relaxation of muscle) reflects the measured value compared with the degree of exertion (greatness); however, maximal grip strength is considered to relate primarily to the measured CFE value in both phases because the degree of exertion differs. In the low grip strength and high grip strength groups, the mean values of grip strength were 363.9 N and 562.7 N, respectively, and the former was approximately half of grip strength. This suggests that the grip strengths exerted by the former and the latter groups were 18.2-54.6N and 28.1-84.4N, respectively, in the low demand value phase (5%-15% of MVC), whereas that in the high demand value phase (15%-25% of MVC) were 54.6-91.0 N and 84.4-140.7 N, respectively. Choi et al. [25] reported that the effect of grip strength on the error between pursuing the target (demand value) and the exerted value was larger at low demand value phase, but small at demand values over 15% MVC. The hypothesis of this study was not supported in the high demand value phase. Although it was partly supported in the low demand value phase, the effect size was low and there was no significant difference between the low and medium grip strength groups. Therefore, we consider that the difference of maximum grip strength has a negligible effect on the measured value.
On the other hand, grip strength was significantly related to the measured value only in the high demand value phase, but the determination coefficient (approximately 10%) were low. In this study, we hypothesized that if MVC affects the measured CFE value, the relationship between MVC and the measured value differs in both phases. As the relationship was found only in the high demand value phase and not in the low demand value phase, the hypothesis in this study was supported. However, the contribution of grip strength to the measured value was very low in the high demand value phase and the difference in the determination coefficient in both phases was only close to 4% (5.76% vs 10.24%). Bemben et al. [26] reported that the peripheral muscle activity of young participants in maximal muscle exertion is superior to that of older participants. According to Voelcker-Rehage & Alberts [27] , young participants are better at performing the changing force-tracking task because they have superior peripheral muscular responses to the changing target and exertion of coordinated neuromuscular function. They can control their exertion of grip strength in both phases of the low and high demand value, irrespective of superior or inferior grip strength. Therefore, the difference of maximum grip strength in both phases is inferred to have a negligible effect.
The participants in the present study were healthy male adults with a mean maximal grip strength greater than 457.1N. In middle-aged adults, who have inferior peripheral muscular responses to the changing target and exertion of coordinated neuromuscular function, the relationship between the measured CFE value and grip strength may differ from that in young adults. The CFE test is useful in evaluating the CFE in middle-aged adults because of the use of submaximal grip control. A follow-up study will be required to examine the problems identified in this study in relation to the middle-aged people.
In conclusion, it is judged that the difference in maximum grip strength has a negligible effect on the measured CFE value in both low demand value and high demand value phases of the CFE test in young males.
